Changes in the concentrations of B, Ca, Fe, K, Mg, Mn, Na, P, S, Sr and Zn in the liquid phase in sheep rumen were determined to obtain information on their rate of disappearance from the soluble pool after feeding. Sheep were fed alfalfa (Medicago sativa) hay hourly. The concentration of infused CrO-EDTA into the rumen (over a period of 4 d) was used to establish steady-state conditions, after which feeding was stopped and the rapidly changing elemental concentrations in 30,000 x g ruminal supernatant fluid were determined by plasma emission spectrometry. The concentrations of all elements, apart from Fe, Na and P, decreased in a hrstader manner over 5 h after 
elements in the rumen, factors regulating mineral and trace element levels, flow between pools, sorption from or to plant material or uptake by microorganisms.
We studied the kinetics of minerals, trace elements and the non-nutrients, B and Sr, in the liquid phase in the rumen by measuring the changes in concentrations of 11 elements, using inductively coupled argon plasma emission spectrometry (ICP). This multi-element analyticd technique has been used to measure elemental concentrations in many biological fluids (Main and Mauras, 1979; Hishima, 1982; Lee, 1983 Lee, , 1986 but not in ruminal fluid.
We found that a combination of ICP and a rapid sampling procedure provides a simple, non-isotopic method for obtaining kinetic data 2067 on soluble elements in the rumen. We report here, for sheep fed chaffed alfalfa (Medicago sativa) hay, first-order rate constants for several essential and non-essential elements in the liquid phase.
Materlals and Methods
For the determination of the dynamics of soluble elements, three 15-mc~old Romney wethers prepared with ruminal fistulas fitted with rubber cannulas and maintained in an airconditioned room in metabolism crates were fed chaffed alfalfa (Medicago sativa) hay. A daily ration (900 g) was fed hourly in 24 equal-sized portions, and water was available ad libitum until the flow marker was infused. The mean daily water intake was approximately 2.8 liters for each animal. Drinking water was removed and an aqueous solution of Cr(IJI)-EDTA (710 ClM) was pumped at a constant rate of 2.8 liters/d into the rumen of each animal for 4 d to allow the marker to reach a steady state. For the determination of the distribution of elements between liquid and solid phases in the rumen, a similar but separate Romney wether was sampled that had ad libitum access to chaffed alfalfa hay.
AU sample handling was canied out using acid-washed polypropylene containers, tubes and tubing. Samples of ruminal contents were removed by suction using a 1OO-ml polypropylene syringe attached to a polypropylene tube extending through the bung of the cannula On the interior end of the tube, a perforated closed cylinder of stainless steel was suspended in the ventral rumen. To displace material from the tube and to ensure adequate mixing in the environment of the collection site, 50 ml of contents was drawn into the syringe and discharged back into the rumen. After this procedure was repeated three times, a 10-ml sample was removed.
At the beginning of the experiment, samples were removed from the m e n at 15-min intervals over a 2-h period to give "steadystate" samples. Feeding was stopped, and the Cr(m)-EDTA infusate (Cr-EDTA as the sodium salt, pH adjusted to 6.5) was replaced by distilled water (2.8 liters/d). Samples were ~M W M 3400 plasma emission spectrometer. ARL, sundland, CA.
collected at 15-min intervals for 2 h, at 30-min intervals for the next 2 h, at l-h intervals for the next 3 h and at irregular intervals over the next 16 h.
After collection, samples were immediately centrifuged (3,000 x g ) on a bench centrifuge for 10 min to remove larger plant particles and placed in ice. Supernatant fluids were further centrifuged (20,000 x g, 20 min, 4'C), and 4 ml of the supernatant fluid was added to 1 ml of redistilled constant boiling HC1 (6M) containing 310 pA4 Ni (as NiCli) as an intemal standard. These acidified samples were stored at 4'C. (Lee, 1983) ; the spectrometer was calibrated against a set of multi-element standards in 2 M HCI.
Ammonium was determined in the acidified ruminal fluid by the Berthelot reaction (Ngo et al., 1982) in the presence of hypochlorite, using a continuous-flow analysis system. A precipitate slowly formed in many of the acidified ruminal fluid samples, so the stored samples were centrifuged immediately before analysis. supernatant fluids were aspirated directly into the plasma. Precipitates were oxidized (S ml of concentrated HNO3, .1 ml of 100-volume H2R. 70'C) in the polypropylene tubes used for the centrifugation. The digest was dissolved in 1.2 M HC1 to give a dilution equal to that of the supernatant fluid and the solutions were analyzed by ICP. Of the elements determined, only S (probably as organic S) was detected in the precipitates; this quantity was added to that in the supernatant samples to give total S in the ruminal fluid samples.
Six randomly selected samples of the chaffed alfalfa hay were dried at 80'C for 24 h and duplicates of the ground material (.5 g) were oxidized with 5 ml of concentrated HNO3 overnight at mom temperature and then for 5 h at 100'C. Nitric acid was removed by One-way analysis of covariance3 was used to compare the residual variances, slopes and intercepts of regression lines fitted to describe the semi-logarithmic decay curve for each element in each of the three sheep. Analytical error was less than e%. However, sampling error, Le., within exactly the same place in the rumen for any given time, was not assessed.
This was presumed to be less than the variation among sheep observed for the Cr marker concentration at steady state (f3.2%).
Preliminary studies indicated that acidification of clarified ruminal fluid overcame variable matrix effects found in non-acidified samples. Non-acidified samples showed background suppression at several analytical emission lines, in particular at the CUI (324.75 nm), CrIl (267.72 MI) and MnII (257.61 nm) emission lines. Acidification also minimized the potential for salts from the ruminal fluid to accumulate at the end of the torch injector tube and prevented loss of ammonia from the samples during storage. Any H2S present would have been lost prior to analysis.
Recovery of the Ni internal standard was '~initab, Pennsylvania state university, university Park. 100 f 2% as measured against a calibration obtained from the multi-element standards in the same acid matrix. Samples were analyzed for Co, Cu, Mo and Se, but the concentration of these elements was found to be below the detection limits; Co e 5 ng/ml, Cu < 6 ng/ml, Mo e 5 ng/ml and Se c 40 ng/ml. The Cr flow marker reached steady state 3 d after infusion Table 1 shows the relative distribution of elements among fractions in the liquid and solid phases in the rumen of a sheep fed chaffed alfalfa hay. Samples were obtained by expressing ruminal contents through cheesecloth and pelleting by differential centrifugation. Experimental details were described in Kellens et al. (1986) . In the rumen, the liquid phase was the major pool for K, Mg, Na and P, whereas feed particles contained over 50% of Ca, Sr, Fe, Mn, Cu, S and Zn. The bacteriarich fraction, pelleted at 10,000 x g contained a sizeable fraction of the Cu, Fe, S and Zn.
These elements are essential for bacterial growth. Apart from Fe, the 2,000 x g pellet (protozoa, dead bacterial cells and some feed particles) contained only minor proportions of other elements (<8%). Table 2 gives the mean concentrations of 11 elements, ammonia and the Cr flow marker found in ruminal liquor from three sheep at the steady state, i.e., during the hourly feeding regimen. The values listed are means from samples collected at 45,30 and 15 min before feed was removed. Included in Table 2 is the mean volume of the liquid phase in the m e n (three sheep) as calculated from the first-order decay of the Cr flow marker (Faichney et al., began. 
1980
) and the mean concentration of elements in the chaffed lucerne hay feed. The Cr marker was remarkably consistent among the three sheep (186 f 6 pM at steady state). Within any one sheep, the steady-state concentration was e%, as determined from concentration measurements obtained over the 48-h period before feeding was ended. Variation of mean ruminal concentrations for other elements was less than f 10%. except for Fe (9.2 pA4 f 27%) and S (1,307 pJ4 f 16%). The high levels of Na (88, 717 ClM) and P (9,343 ClM) reflect salivary recycling to the rumen, whereas K (49,544 ClM) was derived mainly from feed (605 mmoV kg compared with 46 mmol/kg Na). The concentration of Mg in the m e n (3,558 @ I ) was higher than that of Ca (2,901 ClM), although Mg was present in the feed at a much lower level than Ca (108 vs 399 mmol/kg). Figures 1 , 2 , 3 and 4 show semi-log plots of changing concentrations of 11 elements in the ruminal fluid of one sheep (No. 2) over the 5-h period after the last hourly feeding. For these soluble components, markedly similar patterns of concentration versus time were also found in the other two sheep. The regression lines in Figures 1 through 4 , except for S, are fitted only for samples collected up to 3 h after feeding. In most cases, linearity continued until at least 5 h. The probability levels from an F-test, to test that the Curves of the element data from the three sheep had different slopes, are given in Table 2 . Significantly different (P c .05) inter-animal rates of change were found only for B, K, Mg and NI&+. Figure 1 contains the data for Cr and B. The changes in concentration of B followed those of the Cr flow marker. For both elements, the semi-logarithmic plots of concentration versus time were monophasic. After 6 h the slopes changed (data not shown), suggesting that some new event had occurred in the rumen. Pool sizes were calculated from the first-order rate of decay, the infusion rate and the steadystate concentration of the Cr marker, using methods for the compartment analysis of a single pool (Shipley and Clark, 1972) . The mean pool size of the liquid phase in the m e n of the three sheep was calculated as 3,862 f 448 ml. For sheep 2,.the pool size was calculated as 4,089 ml. These volumes are in agreement with the accepted fluid pool size in the rumen of sheep (Faichney and White, 1977) . No significant difference was found between the half-lives of Cr in the three sheep (mean half-life 6.3 f .3 h; Table 2 ). The half- WS. not signifcanc S, P < .05; S*, P < .01; S**, P < .001. stopped ( Fig. 2) , but also over the complete 24-h sampling period (data not shown).
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The patterns of disappearance of Ca, Mg and S outlined in Figure 3 show their differing rates of removal from the nuninal liquor. Calcium was removed at a faster rate than Mg. The rates of loss of Ca and Mg changed at 5 to 6 h (data not shown) in a similar manner to the changes found for B and Cr and for Mn and Zn. In the present work, S refers to S in the form of sulfate plus organic S determined as elemental S. The pattern of S removal was biphasic, with S being removed rapidly until 2 h and then at a much slower rate over the remaining 22 h of sampling.
The changes in K, Na and P concentration are given in Figure 4 . Sodium concentration gradually increased throughout the sampling period. Phosphorus concentration increased gradually for the first 5 h and then increased more rapidly than Na, resulting in a twofold increase in concentration after 24 h (data not shown). Potassium concentration decreased in a monophasic manner over the first 5 h of sampling in a similar manner to that of B and Cr.
Half-lives of metal ions and nutrients, with the exception of S, were calculated from samples collected in the first 3 h. Usually, concentrations changed in a first-order manner over a longer period than this (Figures 1, 2, 3  and 4) . Correlation coefficients (r) in Table 2 provide a statistical measure of the fit of data from the three sheep to a hrst-order decay and indicate a highly significant fit (P < .MU) for B, Ca, Cr, K, Mg, Mn, S, Sr, Zn and NH,++. Table 2 gives the mean half-lives of each element as calculated from the common slope of .434 times loglo (conc.) versus time regression lines for the three sheep. The significance ratios in Table 2 show that except for B, K and Mg (P < .05), there was no significant difference between the values for the half-lives obtained from the different sheep.
In the correlation matrix in Table 3 , the significances of the differences between the slopes of the decay curves (0 to 3 h) for the three sheep revealed that certain elements and nutrients behaved as sets, reacting similarly in the liquid phase in the rumen. One group consisted of Mn, Mg, Sr and Ca, with Ca being somewhat different. A second group that consisted of K, N&+, B and Zn moved with the water flow marker, i.e., slopes of .434 times loglo (conc.) versus regression lines were not different (P > .lo) from that for Cr. Sulfur differed from all other elements (P < .ool).
Dlscusslon
This work was designed as a pilot study to obtain information on the flow of elements in ruminal fluid and to find whether the half-lives of inorganic elements could be readily determined without the use of isotopes. In the derivation of half-lives, the steady state was presumed not to be greatly perturbed in the early period (3 h) after feed was removed, Le., the system was in equilibrium with respect to certain processes. This assumption seems reasonable for the following reasons. First, an analysis of samples (Table 2 , Figures 1  through 4) revealed that concentration changes during the first few hours after feed was removed fit a single kinetic phase. Second, measurements have shown that the pH of similar samples of ruminal fluid did not increase from the range pH 6.70 f .18 until 3.5 h after the removal of feed (Lee and Joblin, unpublished data) , indicating that fermentation of plant tissue continued as in the steady state. With the digestion process undisturbed, degradation of plant material follows first-order kinetics (Smith et aL, 1971) ; Third, in the present work, a second kinetic phase of elemental movement was found beginning at 5 to 7 h; deviations from the steady state became signtficant for several elements only after a few hours had lapsed.
The feed provides the major source of B.
Ca, K, Mg, Mn, Sr and Zn in the liquid phase in the m e n , whereas saliva provides the bulk of Na and P. The rates of removal of elements from the feed matrix will vary for different elements as a consequence of their chemistries. For instance, the Mg content (108 mmol/kg) of the alfalfa hay was much less than the Ca content (399 mmol/kg); yet, considerably more Mg than Ca was present in the liquid phase ( Table 2 ). The rumen is supersaturated with respect to calcium phosphate (from the solubility product); this probably reflects the greater solubility of magnesium phosphate compared with the soluble phosphate species of C a A considerable proportion of the Ca remains associated with feed particles or is present in an insoluble form ( Table 1) . Playne et al. (1 97 8) noted a similar discrepancy between the ratio of Mg and Ca in various grasses and in the liquid phase of ruminal digesta The changing concentrations of elements in ruminal liquor do not directly provide information on the source of the fluxes (salivary secretion, precipitation, absorption or microbial uptake), but when compared with a reference they do provide information about the relative net changes that occur in the soluble pool. The steady increase in Na and P concentration (Figure 4) after termination of feeding is well hown and can be attributed to salivation (Kay, 1960) . Less expected was the relatively constant level of Fe in the samples over the sampling period (Figure 2) , suggesting a considerable additional input of Fe from a non-feed source, perhaps saliva (Grace et al., 1981) .
Calcium, Mg, Mn, S and Sr were removed from the soluble pool at a faster rate (Table 2) than could be accounted for by water dilution alone. Magnesium, Mn and Sr disappeared at similar rates but at a slower rate than Ca (Table 2) . Our data on Ca and Mg, which indicate a loss from the soluble pool, are in agreement with findings that there is net absorption of Ca and Mg from the rumen (Grace and M a c h , 1972; Tomas and Potter, 1976) . Our data could also be explained, at least in part, by precipitation of phosphate salts. Little information is available about Sr movement in the rumen, but because of the chemical similarity of Sr with Ca, the fate of Sr from the soluble pool (Table 2) is probably similar to that of Ca However, Sr was removed more slowly (P c .05) than was Ca (Table 2) , indicating some discrimination between these two elements.
Little is known about the fate of Mn in the rumen, but OUT results suggest that there may be net absorption of Mn across the ruminal epithelium. There will be a small net transfer of Mn (an essential trace element) to growing microorganisms (Table l), but this is unlikely to account for the large loss of M i observed in the present work. Sulfur measured in this study refers to sulfate and organic S, since during sample workup, sulfide would be lost as H2S.
Only 5 to 15% of soluble S in the rumen occurs as sulfide (Gawthome and Nader, 1976; Lee, 1989) . The rapid removal of S from the liquid phase, particularly over the first 2 h (Figure 3) , probably resulted from microbial activity converting S to microbial biomass or to sulfide (Bray and Till, 1975) .
Potassium, Zn, B and NI&+ had half-lives not different (P > .lo) from that of the Cr flow marker. There is an input of Zn via saliva (Grace et al., 1981) and by transfer across the epithelium (Weston and Kastelic, 1967) and there is considerable movement of K across the epithelium into the rumen (Harrison, 1971; Ferreira et al., 1972) . D a t a from the present study show no net movement for these elements, suggesting that Zn and K are removed from the soluble pool at the same rate as which they enter. Because Zn is an essential trace element for microorganisms, one substantial sink will be growing microbial cells (Table   1) .
No information has been published on the movement of B in ruminants. Although B is essential for plants, no functional roIe for it has been found in animals. Boron moves at a similar rate to the flow marker (see Table 2 ), and B (present as the borate anion) from plant tissue could probably be used experimentally as a natural in situ marker for water flow in the m e n . Nevertheless, at present, we do not know whether this element is absorbed from the rumen, and to what extent, if any, it is involved in microbial metabolism.
From this study, for ruminal fluid, ICP is a precise method for the simultaneous measure-ment in a single small sample (< 5 ml) of a wide range of elements including the nonmetals s, P and B, which normally require separate analytical procedures. The application of ICP, together with rapid sampling, has provided new data on the concentration changes of Mn, B, Sr, Z n and Fe in ruminal liquor; it also provided complementary information on the more widely studied nutrients Ca, Mg, K, Na, S and m+. Accurate determination of net changes in ruminal element concentrations compared with that of a mass flow water marker (Cr) has given kinetic data for a wide range of elements in the soluble pool.
Implications
Differences in the flow of elements through the liquid phase in the rumen have implications for the supply to the animal of nutrients that may be limiting or in excess. Further, interactions between elements in the liquid phase may influence the availability of certain nutrients. One factor limiting interpretation of our data is the lack of information on volume changes that occur in the soluble pool over the sampling period. We are now conducting experiments to obtain such information, using two liquid phase markers and a different animal diet.
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